Mammographic density is a strong risk factor for breast cancer, yet few studies have evaluated density trends, and associated factors, over time. The authors retrieved and digitized mammograms (!1 per woman) imaged in 1990-2003 to evaluate percent density (PD) in the Minnesota Breast Cancer Family cohort. Multivariable-adjusted, mixed-effects, repeated-measures models incorporating a natural cubic spline provided estimates of nonlinear trends in PD with age and were used to examine association with covariates. Overall, 5,698 mammograms from 1,689 women with covariate information were digitized. In descriptive analyses, the highest median PD was 33.1% (interquartile range, 21.8%; n ¼ 230) among premenopausal women, 31.0% (interquartile range, 23.2%; n ¼ 175) among women who transitioned from pre-to postmenopause, and 18.7% (interquartile range, 22.2%; n ¼ 1,284) among postmenopausal women. On average, premenopausal compared with postmenopausal women had 1.9% (p ¼ 0.001) higher PD. In repeated-measures analyses, greater declines in PD occurred with menopause and among women with higher baseline PD; current postmenopausal hormone use and higher body mass index modified these declines (p interaction < 0.001). No significant modification of the density change with age was seen with parity/age at first birth, age at menarche, oral contraceptive use, family history of breast or ovarian cancer in a first-or second-degree relative, educational level, smoking status, or alcohol intake were observed. These data suggest that menopause, baseline PD, postmenopausal hormone use, and body mass index predict changes in mammographic density trends during adult life. breast; mammography; postmenopause; premenopause; radiographic image interpretation, computer-assisted; risk factors Abbreviations: BMI, body mass index; FU1, first follow-up questionnaire; FU2, second follow-up questionnaire; PMH, postmenopausal hormone.
qualitative and quantitative estimates (4) (5) (6) , and is independent of other risk factors for breast cancer (1, 4, 7) .
Most studies of mammographic density and breast cancer have involved a single measure of density taken 1-16 years before diagnosis. However, density is not a static trait. Studies on hormonal interventions and mammographic density have shown that combination (estrogen plus progestin) hormone use is associated with increased density (8, 9) and tamoxifen with decreased density (10, 11) . Cross-sectional data have suggested that lower mammographic density is associated with increasing age, with some of the greatest decreases occurring with menopause (4) .
Few studies have examined longitudinal trends in mammographic density and factors associated with these trends (12) (13) (14) (15) . Boyd et al. (12) reported an additional 3 percent decrease in density among women who reached a relatively early natural menopause (median age, 46 years) compared with age-matched controls who remained premenopausal during the same time period. Maskarinec et al. (15) used repeated measures of percent density taken over an average of 5 years but did not find a large effect of menopause on density. In that study (15) , significantly slower declines in density over time were seen among women with a higher body mass index (BMI >25 kg/m 2 ), experiencing late age at first birth, of Japanese ethnicity, and taking postmenopausal hormones (PMH).
In the current paper, we add to the limited literature by evaluating density trends among women of mammographic age and by assessing the influence on these trends of menopause, BMI, and other risk factors previously shown to be associated with cross-sectional assessments of mammographic density.
MATERIALS AND METHODS

Study population
Details of the baseline (16) and first follow-up questionnaire (FU1) (17) phases of the Minnesota Breast Cancer Family study have been described previously. Briefly, a family study of breast cancer was initiated in 1944 and was approved by the University of Minnesota's institutional review board. Breast cancer probands (n ¼ 544) were women ascertained at the Tumor Clinic of the University of Minnesota Hospital between 1944 and 1952. From 1990 to 1996 (FU1), data on 426 (78 percent) families were updated; each proband's first-and second-degree female relatives and spouses of male relatives were contacted, and extensive risk factor data on 6,194 women (93 percent) were collected by telephone interview.
In 2001, a second follow-up questionnaire (FU2) was mailed to the 6,194 women who completed the FU1 survey. We excluded those who were deceased (n ¼ 604, 10 percent), were lost to follow-up (n ¼ 654, 11 percent), refused participation (n ¼ 1,109, 18 percent), and were unable to complete the FU2 questionnaire (n ¼ 84, 1 percent); ageineligible women (aged <40 years, the age in the United States at which screening mammograms are not yet recommended) also were included in these categories and were excluded. Thus, remaining were 3,743 age-eligible women who completed the FU2 questionnaire, resulting in a response rate of 77 percent of those contacted and competent to complete the survey, and an overall participation rate of 60 percent of those who participated in FU1.
At FU2, we requested participant consent to obtain serial mammograms for all women who reported ever having received a mammogram. Of 3,743 age-eligible women, 2,939 (79 percent) reported having a mammogram and provided authorization; for 136 of them, breast cancer was diagnosed prior to mammogram and they were excluded, leaving 2,803 age-eligible women. We requested and received at least one mammogram for 1,914 women (65 percent of those providing authorization); the remaining 889 (32 percent) provided authorization but mammograms were either unavailable (n ¼ 350) or not retrieved because of time constraints (n ¼ 539). Of the 1,914 age-eligible women, 44 received a breast cancer diagnosis after their mammogram(s) and were included in analyses.
Risk factor information
We obtained covariate data from both the FU1 and FU2 questionnaires: covariates that would not be expected to change during the questionnaire interval such as height, educational level, age at menarche, parity, and family history of breast cancer were derived from the FU1 survey, while time-dependent variables such as age, BMI, menopausal status, reason for menopause, PMH use, and smoking were included from both surveys. Menopausal status was ascertained by the response to the question, Have you had a menstrual period within the last 12 months? If no periods were reported, women were asked the age at which menstrual periods stopped and the reason that periods stopped. Those who reported natural menopause, surgical menopause, or ''no known reason why periods stopped'' were considered postmenopausal. Lifetime frequency of alcohol intake was asked as a single question in FU1: For most of your life, how often did you usually drink alcohol? The possible responses were daily, weekly, less often than weekly, or never. We therefore treated this variable as a single measure of exposure in statistical models.
Mammographic density estimation
The number of mammograms digitized per woman was based on her age at the time of FU2. For example, all mammograms available prior to age 60 years were digitized; for mammograms performed after age 60 years, the one performed closest to this age and at 3-year intervals from this age was digitized. If only two mammograms were available after age 60 years, both were digitized. We applied this algorithm from observations that the greatest changes in mammographic density occur during the menopausal transition (12) , with less change after menopause. When this algorithm was used, retrieved mammograms were imaged between 1990 and 2003. In the present population, natural menopause occurred at a median age of 50 years (interquartile range, 47-52) and is similar to the mean age at menopause observed in other US states (18) .
We measured mammographic density by using the cranialcaudal or top-down view from the left breast digitized on a Lumiscan 75 scanner (Lumisys, Sunnyvale, California) with 12-bit grayscale depth. The right breast cranial-caudal image was used if the left breast image was unavailable. The pixel size was 0.130 3 0.130 mm 2 for both the 18 3 24 cm 2 and 24 3 30 cm 2 films. Batch files were created that randomized mammograms within woman by date of image, resulting in the greatest precision of percent density estimates (19) . Percent density was determined by using a validated computer-assisted thresholding program (Cumulus software; University of Toronto, Toronto, Canada) (20) . All images were read by one trained technician who consistently maintained high reliability (intraclass r > 0.90) for percent density estimates from 5 percent duplicate images included in each batch file.
Statistical analysis
Descriptive data were summarized by using medians and interquartile distributions or counts and percentages for all women combined and were stratified according to menopausal status during the FU1 and FU2 questionnaire interval. To compare percent density distributions by risk factor information, we used the mammogram that corresponded in date closest to (either before or after) the date of questionnaire completion.
We used mixed-effects linear models to estimate the association of age with trends in percent density over time. These models included random intercepts and slopes to capture individual-specific, time-dependent trends in percent density and a spatial power correlation structure to account for varied time intervals between repeated measurements (21) . To account for the nonlinear trend, a natural cubic spline was applied within the mixed-effects models to obtain nonparametric estimates of the trend in percent density over the range of observed ages (22, 23) . These spline trends are formed by joining cubic polynomials such that their first derivatives are equal at the knots: interior knots at ages 50 and 65 years were chosen to bracket the menopause, while boundary knots at ages 43 and 77 years constrained the trends to be linear beyond ages at which there were relatively little data. The number of knots used to define the spline determined the smoothness of the curve. With more knots, the overall trend with age would have been retained but with more local perturbations about that trend. Selection of different interior knot locations would have had little effect on the resulting smoothed trend given the degree of smoothing induced by selecting only two interior knots. The final smoothed curve represents a cross-sectional, agespecific average based on all of the observed values of percent density, constrained to reflect individual-specific trends present in the data provided by each woman.
In this paper, we first describe age-specific trends within percentile distributions of percent density beginning at age 40 years, obtained by using quantile regression methods. These series of percentile curves can be interpreted as cross-sectional trends in density levels for the women in this study at a given age. To examine factors associated with longitudinal trends in density, we fit two models to the data. The first was a main-effects-only model that included the variables age (represented by three basis variables that generated the natural cubic spline), BMI, menopausal status, reason for menopause, age at menarche, parity/age at first birth, PMH use, oral contraceptive use, family history of breast or ovarian cancer in first-or second-degree relatives, educational level, smoking status, and alcohol intake. The second was a main-effects model augmented by two-way interactions between age and each covariate. The significance of interactions was evaluated by using a likelihood The total number of mammograms digitized was 5,698, representing 1,689 women for whom covariate information was complete. Figure 1 illustrates the distribution of mammograms according to menopausal status across the age range studied (40-90 years). These and the following results are a statistical summary of change over the adult age span and should be interpreted with the caveat that no one woman contributed data over the entire age range. However, women who contributed at least two mammograms during this time constituted 88 percent of the sample (table 1) .
Of the 1,689 women, 230 (14 percent) were premenopausal at both questionnaires, 175 (10 percent) transitioned from premenopause at FU1 to postmenopause at FU2, and 1,284 (76 percent) were postmenopausal at both questionnaires (table 2) . Percent density was highest among premenopausal women and lowest among postmenopausal women. The greatest difference in percent density between the earliest and most recent mammogram occurred among women transitioning from pre-to postmenopause and represented a decrease of about 8 percent. Despite the longer time contributed to the study by these women, this was more than a twofold decrease when these women were compared with those who remained premenopausal or postmenopausal. Table 3 shows the distribution of covariates according to menopausal status. Compared with postmenopausal women, premenopausal women tended to be taller and gained more weight during the questionnaire interval. As expected, a large proportion (60 percent) of women transitioning to menopause initiated or continued PMH use. Within each group of women, the distribution of reproductive-related variables was similar, and differences between groups likely reflected changes in secular trends. For example, a greater proportion of younger (premenopausal and pre-to postmenopausal) compared with older (postmenopausal) women y Percentages do not add to 100 because of rounding. were former oral contraceptive hormone users at both follow-up periods, were college graduates, and had a natural menopause, and fewer had larger families. The curves in figure 2 describe the unadjusted, agespecific percentile distributions of percent density among women with one or more mammograms. Generally, density was inversely associated with age, with the largest declines observed between the ages of 45 and 60 years during menopause. Declines in percent density were smaller among women in the 5th (lowest) percentile distribution of density, whereas declines were larger among women in the 95th (highest) percentile.
In analyses that adjusted for covariates, on average, premenopausal women had 1.9 percent (p ¼ 0.001) higher density than postmenopausal women. Compared with women who gave birth to 1-2 children and whose age at first birth was !21 years (e.g., 1-2 children/!21 years of age), nulliparous women had 2.7 percent (p ¼ 0.01) higher percent density, women with 1-2 children/ 20 years of age had 2.9 percent (p ¼ 0.02) lower percent density, and women with !3 children/ 20 years of age had 2.8 percent (p ¼ 0.001) lower percent density. Interestingly, women with !3 children/!21 years of age had only 0.9 percent (p ¼ 0.24) lower percent density than the reference group, suggesting that timing of the first birth in addition to number of children might be an important factor when predicting density. Figure 3 shows the average pattern of change in percent density with increasing age among postmenopausal women from the modifying effects of PMH use adjusted for other covariates (p interaction of age 3 PMH use < 0.0001). Before the age of approximately 50 years, percent density was higher among postmenopausal women who never used hormones compared with former and current users. After age 50 years, never hormone users had larger declines in percent density. In contrast, current hormone users showed smaller reductions in percent density with age and had higher levels than never and former hormone users for the remaining years. Figure 4 shows that higher BMI was associated with lower density among postmenopausal women at any age after adjusting for covariates, and this finding was observed regardless of PMH use. A more gradual decline in density at a younger age, however, was observed at a higher BMI (p interaction age 3 BMI < 0.0001). Figure 5 shows density changes with age among postmenopausal women according to the reason for menopause. Women who attained menopause by bilateral oophorectomy or other means (primarily hysterectomy without bilateral oophorectomy) had higher initial density than women attaining a natural menopause; they also showed steeper declines in density with age (p interaction age 3 reason for menopause ¼ 0.001). Women who chose bilateral oophorectomy did not have an excess prevalence of first-degree family history of breast cancer (143/234 ¼ 61 percent) compared with those who did not choose oophorectomy (932/1,455 ¼ 64 percent). Although parity/age at first birth was associated with percent density at any given age, this variable did not modify the trends in percent density with age among postmenopausal or premenopausal women (data not shown).
Because of the heritability of this trait (24) (25) (26) (27) (28) (29) , and because the participants in the present analyses were recruited from families with a breast cancer proband, we evaluated whether familial correlation confounded the results. Inclusion of a random effect for familial correlation did not change the effect estimate of any fixed effect (e.g., BMI) by more than 1.1 percent of the unadjusted coefficient's value (data not shown). Furthermore, family history of breast cancer was not associated with density in this (p ¼ 0.96) or another (30) study. 
DISCUSSION
This longitudinal analysis observed that change in mammographic density appeared to be influenced by age, baseline density, BMI, and PMH use. We found that the transition from pre-to postmenopause was associated with the greatest reductions in density but that this decline was attenuated among current hormone users. Furthermore, women who had a surgical menopause were more likely than women who attained a natural menopause to have higher premenopausal density and a steeper decline in density with age. Although parity/age at first birth was associated with percent density, it did not modify density trends with age.
Our data support the findings of Maskarinec et al. (15) that PMH use and higher BMI at baseline predict slower declines in density with age. We also observed that postmenopausal women who never used PMH had higher percent density before age 50 years, showed greater declines in density after age 50 years, and remained at lower density at all subsequent ages when compared with former and current hormone users, who showed the opposite trend. Possibly, never users of PMH may have represented a unique subset of women medically indicated not to use PMH, perhaps because they had not experienced menopausal symptoms. We also observed that BMI modified density changes. Both BMI and PMH use have been positively associated with breast cancer risk (31) (32) (33) . Interactions between BMI and PMH use with change in density may have implications for risk. This association may be further clarified when data become available on the nature of the association between density changes and breast cancer risk.
In this study, percent density was associated with greater declines during menopause (between ages 45 and 60 years), particularly among women in the highest percentile distribution of density and among those who attained menopause through nonnatural means. The decrease in density associated with menopause was observed in one longitudinal study (12) , but not another (15) .
Several reasons could explain our finding of larger declines in density associated with nonnatural menopause. First, one might anticipate that immediate cessation of ovarian production of estrogen and progesterone would impact density more strongly than a natural and graded cessation. Second, women who entered natural menopause may have started the perimenopausal period earlier and therefore had lower density at the outset, so that the declines in density were exaggerated. Although possible, our data may suggest otherwise. Approximately 820 mammograms (about 15 percent) in this study were from premenopausal women aged 40-50 years, which is up to 10 years prior to the median age at menopause in this sample and is an age range in which hormone fluctuations (and subsequent effects on density) might expect to be observed. Yet, a large difference in densities between the groups was still evident across this age range. The difference was not attributable to an excess of women with a family history of breast cancer in the surgical menopause group, who may have been motivated to have an oophorectomy. Third, women undergoing surgical menopause may have had higher premenopausal density levels than women experiencing natural menopause because these women represented an unusual group medically indicated for surgery. For these various reasons, our results should be interpreted cautiously and may not be generalizable to other populations.
The density level among premenopausal women in this study is lower than has been previously reported for the computer-assisted thresholding measure (34, 35) . This difference could result in difficulty in detecting small changes in density over time; however, these small changes are less likely to be of clinical significance. Furthermore, the error in our assessment of percent density was uniform across all density levels. In the evaluation of repeated measures of 195 mammograms included in the batches of mammograms reviewed for this study (refer to the Materials and Methods section), the absolute difference between the two measures was up to 9 percent across all density levels (e.g., from low density to high density), with a relatively constant degree of error distributed across density levels.
Variables reported to be associated with percent density and circulating hormones in cross-sectional analyses, such as parity and age at first birth (36) (37) (38) (39) (40) , alcohol intake (37, 41, 42) , and age at menarche (39, (41) (42) (43) , were not associated with changes in percent density over time in the present study.
The strengths of our study include the large sample of women and large number of digitized mammograms over a wide age range, the categorization of women by menopausal status, and the use of a quantitative measure of mammographic density.
There are also potential limitations. First, the final model obtained in our analysis was identified from backward selection methods by using variables previously shown or suspected to be associated with mammographic density in this sample (8, 17) . Possibly, other variables including diet (15) may be important predictors of density. Second, we did not have detailed information, for example, from blood samples, to validate the occurrence of menopausal transition among women. Thus, it is possible that women undergoing a hysterectomy continued to produce ovarian steroids and were misclassified as ''postmenopausal.'' In addition, we did not have information on PMH formulation. Because combined progesterone and estrogen has been shown to increase density, with relatively little change observed with estrogen-only formulations (44) , it is possible that the higher density observed among former and current PMH users in this study is due mostly to combined progesterone and estrogen formulations. The potential misclassification of hysterectomized women as postmenopausal and the inability to differentiate PMH formulation each would have attenuated our between-group findings and may suggest that the association of menopausal status as well as PMH use with density is greater than observed.
Third, we were cautious in our interpretation of the findings according to type of menopause since we could not be certain that women undergoing natural menopause had a longer menopausal transition than those with surgical menopause. Among women with natural menopause, this difference may have resulted in lower density at the outset of, with attenuated declines during, the study period than that among women who had a surgical menopause. Fourth, the Lumiscan 75 scanner has a useful optical density range of 0.2-3.6, yet film background typically has an optical density of approximately 3.8. Thus, in the scanned image, the breast edge may be difficult to distinguish from the film background, possibly leading to a tissue threshold that excludes the far edge of the breast and could result in a slightly higher estimate of percent density. Furthermore, higher contrast images were introduced throughout the 1990s, which could result in better detection of the breast edge and consequently lower density compared with older, lower-contrast images. This possibility would attenuate between-group findings; however, there is no reason to think that these effects differ between different risk factor subgroups in our study.
In summary, we observed that menopause, baseline percent density, PMH use, and BMI are associated with changes in mammographic density during adult life.
